Abstract
Introduction
glacier in India (Arora et al., 2014) .Thus, compared to the sediment load rating curves that 1 are available throughout the world for many rivers, there are very few sediment 2 concentration rating curves and none for a monsoon climate."
There is a connection between models and rating curves in sediment studies. Rating curves 5 have been used to validate models. Previous simulations to predict sediment load in the 6 Lake Tana basin such as Easton et al. (2010) and Setegn et al. (2009b) , sediment load 7 rating curves were used to generate the observed sediment load data and validate the 8 models. Developing better rating curves will results in better predictions generated from 9 observed flows.
10
There are at least 20 different ways to convert the measured concentration and discharge 11 data to a rating curve (Phillips, et al., 1999 : Horowitz, 2010 . The most often used is a 12 power function that relates sediment load (product of discharge and concentration) to 13 discharge, (Miller, 1951; Muller and Foerstner, 1968; Phillips, et al., 1999; Masoumeh and 14 Mehdi, 2012).
15

= (1)
where M is the sediment load, Q is the discharge and al and b are rating curve parameters 17 determined by regression analysis using observed data (Gao, 2008) .
18
The concentration, C, can be found by dividing the load (Eq. (1)) with the discharge Q,
20
The load rating curve Eq. (1) inherently assumes a unique relationship between discharge
21
and concentration (i.e., ac is constant, Gao, 2008) . However when observed sediment 22 concentrations are plotted against discharge, there is usually significant scatter around the 23 curve (Asselman, 2000 , Gao 2008 and Walling 1977 indicating that other factors in 1 addition to discharge influence sediment concentrations. To compensate for variations, 2 various modifications have been applied; these include dividing the sediment discharge 3 data into seasonal or hydrologic groupings, applying various correction factors, or using 4 non-linear regression equations (Horowitz, 2010; Phillips, et al., 1999) ; In the Ethiopian 5 highlands the scatter in the plot of discharge and sediment concentration is caused by the 6 fact that the observed sediment concentrations in streams and rivers are decreasing for the 7 same discharge with the progression of the rainy phase as shown for the Ethiopian 8 highlands by Guzman et al. (2013) and Tilahun et al. (2013c) . The same pattern has also 9 been observed in Tibet in the upper reaches of watersheds by Henck et al. (2010) . increases at the end of rainy phase and dilutes the sediment concentrations.
Since the traditional method of determining rating curves for sediment loads assume that 1 the sediment concentrations are a unique function of the discharge, this method cannot be 2 used in environmental applications for predicting sediment concentrations when the 3 sediment concentration decreases throughout the season for a given amount of discharge.
4
The objective of this paper is, therefore, to develop a realistic method in determining the 5 decreasing sediment concentration with the progression of the monsoon using the limited 6 data common in most of the tropics. The study is carried out in the Ethiopian highlands.
7
Two groups of watershed sizes were selected to test how well the concentration rating 8 curve performed. These consisted of four major rivers and their watersheds in the Lake
9
Tana basin and three small well-monitored 100 ha watersheds the Blue Nile basin. amount of sediment (Foster and Meyer, 1975) . This is the case in the Ethiopian highlands 21 when fields are plowed in the beginning of the rainy monsoon phase. Once the rill network
22
is fully developed and stable, the sediment concentration will become source limited
23
( Tilahun et al. 2013b ). Finally as the surface runoff ceases and only base and interflow feeds the river, there will be small amount of sediments that the water picks up from the 1 river bed or stirred up by animals or humans. Therefore, the sediment concentrations were 2 calculated separately during the rainy monsoon phase and during the dry phase. Since the 3 start of the rainy phase varies from year to year and from one location to another, we will 4 use the cumulative effective rainfall, Pe, to replace the "time" parameter. Pe is determined 5 by summing the daily effective rainfall which is equal to precipitation minus the potential 6 evaporation for that day. The rainy phase starts when the cumulative effective rainfall, Pe is 7 greater than 40 mm (from observation) and setting each time when Pe is negative to zero.
8
As we will see later in most of the Lake Tana basin this occurs in the beginning of July , but 9 it begins in mid-May in Gilgel Abay because the rainy phase starts earlier in a southern 10 direction. For all of the watersheds the rainy phase ends the beginning of October
11
Based on these observations we redefine the "ac" in Eq. (2) 
where as is sediment source limiting factor, at is the sediment transport limiting factor, Pe is 14 the cumulative effective rainfall (mm) at a particular day, PT is the threshold cumulative and after which the sediment concentration remains at the source limit. Thus, when Pe is 17 equal to and greater than PT, the ratio becomes one, which indicates that the sediment 18 concentration is equal the source limit. The "ac" and "as" parameters depends on a number 19 of factors such as slope length, particle size and disposability. In addition, "as" parameter 20 varies with the cohesion of the soil (Yu et al., 1997) . The threshold value was found in other parameters are therefore difficult to predict a priori and need to be calibrated. As we will see 1 hereafter they are in relatively narrow range indicating that they have some physical 2 meaning.
3
The value of the exponent b in Eq. (1) can be set to 1.4 when there is a linear relationship 4 between velocity and sediment concentration and the depth of water is small compared to 5 its width (Ciesiolka et al., 1995; Yu et al., 1997; Tilahun et al., 2013a b c) . Using this value 6 for b and combining Eq. (2) and (3), the modified concentration rating curve can be written 7 for the rainy phase as:
For the dry monsoon phase the concentration is 
11
The modified load rating curve can be obtained by multiplying Eq. (4) by Q. Then, for the 12 rainy phase the load, M can be expressed as:
And for the dry monsoon M can be expressed as: (5b)
Materials and methods
1
The load rating curve (Eqs. (1) and (2)) and concentration rating curves (Eqs. (4) and (5) Maybar. We will call these hereafter as "100-ha watersheds". Blue Nile basin. The average annual discharge from Lake Tana is 3.8*10 9 m 3 (3.8 BCM) rainfall for all watersheds in this study varies between 1100 to over 1900 mm yr -1 ( Megech watersheds, respectively. The data of the 100-ha watersheds were collected for The sediment concentrations in the Lake Tana watershed has been increasing since the 14 Climate data: Rainfall and temperature data for the Lake Tana watersheds (Table 1) 
Methods
8
Rating curves were determined by either fitting the loads (i.e., the load rating curve) or the 9 concentrations (concentration rating curve). Note that both the load and concentration 10 rating curves can predict both the load and the concentration and thus the naming is based 11 on the method of determining the rating curve.
12
The sediment load rating curve: The original MoWIE load rating curve was obtained for Eq.
(1) and the intercept gives the value of al. These are listed in Table 1 . In addition, we 16 followed the same procedure to determine the rating curve for the 100-ha watersheds 17 Sediment concentrations were determined by dividing the load with the corresponding 18 discharge.
19
The concentration rating curve: Rating curve was found by regressing the observed 20 sediment concentrations and the discharge with Eq. (4). Four fitting parameters were 21 required: Three for the rainy phase, i.e., the amount of rainfall PT after which the sediment is at the source limit and the source limiting factor as and a transport limiting factor at. For 1 the dry phase the parameter, ab, was required for the concentration in the base flow. were changed systematically till the best "closeness" or "goodness-of-fit" was achieved 11 between measured and predicted sediment concentrations. The loads were obtained simply 12 by multiplying the predicted concentrations by the observed discharge. 
Statistical analysis 14
We first tested for outliers and those either less than half or more than twice the expected 15 discharge or concentrations were removed from further analysis. In none of the cases not 16 more than 5 % the data points were discarded. The goodness of fit of the rating curves 17 were determined with the correlation coefficient (R 2 ) and the Nash Sutcliff coefficient (NS). These were from 1964 -1968 , 1980 -1996 and 2004 -2008 Material, Tables B1 -B4 ). Gumara and the Ribb have the richest data set and the Gilgel
8
Abay with only 23 data pairs is the poorest. Gumara and Ribb have also the greatest 9 concentrations (Fig. 3) . The concentration from the Megech is the smallest likely due to the 10 Angereb man-made reservoir (which provides water supply for Gonder town) which was 11 constructed in early 1980s.
12
When these concentration are plotted as a function of the day of the year independent of 13 the year (Fig. 3b) , the familiar pattern appears with the concentrations usually small in the (Table 2 ) and beginning of July The maximum concentration occurs in late June and early
19
July (Fig. 3b) while the discharge is still relatively small (Fig. 3c ) and decrease with 20 progression of the rainy phase, discharge is the elevated.
Evaluation of sediment concentration predictions 1
The relationship between the observed vs predicted sediment concentration for the Lake 2 Tana watersheds are presented in Fig. 4 and the fitting statistics in For the Lake Tana watersheds, the sediment concentrations are under predicted by the
10
MoWIE load rating curve and indicated poor prediction performance (Table 3 , Fig 4) . The 
Evaluation of sediment load predictions
15
Using the same rating curve parameters as in the concentration predictions above, the 16 observed vs predicted sediment loads for the Lake Tana watersheds are shown in Fig. 5 17 and the goodness of fit in Table 4 . The sediment loads (Fig. 6 ) are predicted satisfactorily 18 to good with both the MoWIE load and concentration rating curves for Gilgel Abay, Ribb
19
and Megech with R 2 values ranging from 0.61-0.84 (Fig. 5) . The MoWIE load rating curve 20 predicted the sediment load poorly for Gumara watershed. Generally, for the Lake Tana   21 watersheds the concentration rating curves predict the loads more accurately than the
22
MoWIE load rating curves with R 2 of 0.64-0.89 (Table 4) and slopes between 0.72 and 23 0.94 (Fig. 5 ).
Results of the three 100-ha watersheds 1
After testing the sediment concentration rating curves with the Lake Tana watersheds, we 2 investigated the applicability of the concentration rating curve for small watersheds. The 3 three watersheds selected had good quality data. The concentration rating curve using Eq.
4
(3) and (4) gave a reasonably good fit with the observed values ( Fig. 6 ) with R 2 values 5 ranging from 0.60 to 0.63 (Table 3 ) with values for the transport coefficients similar to the 6 Lake Tana watersheds. The source limiting factor for Anjeni was the greatest and likely was 7 caused by large active gully with unconsolidated soil that easily could be picked up by the 8 flowing water. 
Discussion
10
We will first discuss the loads and concentration predictions in the Lake Tana basin with the 11 two types of rating curves followed by a comparison of the sediment load and concentration 12 prediction with the concentration rating curve for the 100 ha and Lake Tana watersheds. 
Predicting sediment concentrations (Lake Tana watersheds)
14
Similar to the predictions of the loads, the concentration rating curve fitted the observed 15 concentrations better than those predicted by the MoWIE load rating curve. In addition to 16 the reasons given for the poor fit (i.e. number of fitting parameters and log-log fit), the progression of the rainy season (Fig 3b) while the discharge increases (Fig 3c) . Again similar to the loads, the Gilgel Abay fitted reasonably well because the concentrations were 1 reasonably the same during the rainy phase (Fig 3b, black dots) . 
Predicting sediment loads (Lake Tana watersheds)
3
For the Lake Tana watersheds, the concentration rating curve (Eq. (4)) fitted the observed 4 sediment load more accurately than the MoWIE load rating curve (Eq. (1)) as shown in Fig   5   5 . The only exception was the sediment load predictions for the Gilgel Abay (Fig. 5a ) that 6 was slightly better predicted by the MoWIE load curve than the concentration rating curves.
7
One could expect that the concentration rating curve would perform better because it has 4 8 fitting parameters compared to the MoWIE sediment rating curve with only two parameters.
9
In addition, there were few measurements taken early in the rain phase when sediment 10 concentrations could have been elevated (Fig 3) .
11
However this does not explain the unexpected poor fit with slopes of much less than 1 for 12 the remaining three watersheds in the Lake Tana basin (indicating that the sediment loads
13
for the large storms are severely under predicted). This poor fit for the three watersheds 14 originates from using the log transformed values for fitting the sediment load and discharge.
15
To demonstrate that the MoWIE log rating curve fits the log transformed values well we re- Fig C1) with a log scale.
17
The log transformed values give more weight to the small values of parameters than the 18 larger values. Thus, indeed using the log scale a good fit was obtained, while the same 19 points in the non-transformed values fit poorly (Fig 5a) . 
Concentration rating curve (100 ha and Lake Tana watersheds)
21
All fitting parameters for the concentration rating curve were remarkable independent of the 22 size of the watershed ( in all watersheds was not significant.
4
In further discussion of the sediment transport parameters we will exclude the Megech 5 since the gage station is located below the reservoir. Sediment is deposited in the reservoir 6 and the parameters are not representative of the watershed that is subject to heavy .
12
There was a threefold difference in transport coefficients ( Table 2, by Ministry of Water and Energy. We would like to thank MoWIE for making the rating curve 5 data available to us. Table A1 : Theissen weight derived from the Theissen polygon method for estimating areal rainfall Table B1 : Observed discharge and sediment data measured at the gauging station of Gilgel Abay watershed Table B2 : Observed discharge and sediment data measured at the gauging station of Gumara watershed. 
